Introduction {#sec1}
============

Proton-coupled electron-transfer (PCET) reactions are central to energy conversion processes across chemical and biological systems.^[@ref1]−[@ref78]^ These same reactions take place at the surfaces of materials,^[@ref25]−[@ref27]^ playing a key role in corrosion,^[@ref28]^ sensing,^[@ref29],[@ref30]^ and catalysis.^[@ref31]−[@ref36]^ Consequently, interfacial PCET reactions underlie a wide array of energy conversion technologies, including flow batteries,^[@ref37],[@ref38]^ supercapacitors,^[@ref39],[@ref40]^ fuel cells,^[@ref41]−[@ref44]^ and solar fuels devices.^[@ref45],[@ref46]^ Thus, a molecular-level understanding of the factors that control the energetics of interfacial PCET is critical to designing improved materials for energy conversion.

In molecular and biological systems, the overall thermochemistry of a PCET reaction is well described by the sum of the free energies for the constituent proton-transfer (PT) and electron-transfer (ET) reactions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref18],[@ref47]^ In aqueous media, the free energy of the PT step is proportional to the difference between the p*K*~a~ of the proton acceptor, p*K*~a~(BH^+^), and the pH of the solution. The free energy of the ET step is given by the standard reduction potential of the molecule in the absence of proton transfer (*E*(M^0/--^)). This thermodynamic partitioning is usually depicted in a "square scheme," wherein the horizontal legs of the square represent PT steps, the vertical legs represent ET steps, and the diagonal represents the overall PCET reaction.^[@ref18],[@ref47]^ A partial square scheme is shown for molecular PCET in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The square scheme framework is particularly useful for molecular PCET reactions because, in most cases, at least two of the three parameters in the thermodynamic cycle are independently measurable. Furthermore, this framework enables the rational design of molecular PCET agents and catalysts via tuning of Δ*G* for PT and ET through changes to the p*K*~a~ and *E*(M^0/--^), respectively.^[@ref5],[@ref48]−[@ref57]^

![(a) Partial square scheme for the molecular proton-coupled electron-transfer (PCET) reaction M--B + H^+^ + e^--^ → M^--^--BH^+^. The horizontal leg represents the thermochemistry of the proton-transfer step, determined by the p*K*~a~ of the proton acceptor and the pH of the solution. The vertical leg represents the thermochemistry of the electron-transfer step, determined by the reduction potential of the protonated molecule, M--BH^+^, in the absence of proton transfer. The diagonal represents the thermochemistry of the overall reaction, which is the sum of the two legs. (b) Partial square scheme for PCET at a GCC--COOH site. The p*K*~a~ in the horizontal leg is taken as that of a molecular phenazine analogue, and the vertical leg is grayed out because the parameter defining it was unknown prior to this work. (c) Partial square scheme for a PCET reaction to form a bond at a Pt surface. The horizontal and vertical legs of the scheme defining these legs were unknown prior to this work.](oc-2019-00114y_0002){#fig1}

There is no corresponding approach for partitioning the thermochemistry of an interfacial PCET reaction at the surface of an electrode ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). This knowledge gap exists for two reasons. First, the identity of the surface site involved in the PCET reaction is usually not known with precision. Most metal surfaces exhibit a heterogeneous distribution of sites that can engage in PCET reactions, making it difficult, if not impossible, to correlate PCET redox features to the local structure and physicochemical properties of the site undergoing the reaction. Second, only the diagonal of the square scheme is directly measurable electrochemically because PT is always coupled to ET for a metallic surface held at constant potential. This obligatory PCET arises because the surface active sites are in constant electrostatic equilibrium with the rest of the solid. When a proton is transferred to the surface, the electron density instantaneously redistributes to compensate for the charge on the proton, leading to electron flow from the external circuit in order to hold the potential at the electrode constant.^[@ref58]^ If the electrode is disconnected from an external circuit such that compensating charge cannot flow, each proton transfer to the surface will augment the surface charge and alter the proton affinity for subsequent PT events (see below). Thus, it is unclear which physical descriptors should be used to describe the horizontal and vertical legs of the square scheme, and they are grayed out in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. These factors have impeded the development of an analogous square scheme framework for interfacial PCET. This knowledge gap could be resolved if the surface site undergoing PCET had a molecular analogue with a known p*K*~a~.

We have developed a strategy for incorporating molecularly well-defined active sites into graphitic electrodes using conjugated aromatic pyrazine linkages. We have previously established that the resulting graphite-conjugated catalysts (GCCs) are strongly electronically coupled to the electrode and behave like metallic active sites.^[@ref59]^ This bottom-up synthetic method allows us, for the first time, to correlate interfacial PCET reactions with the properties of analogous molecular species.

Herein, we use the GCC platform to develop a square scheme framework for interfacial PCET reactions. Using cyclic voltammetry, we first demonstrate that the redox behavior of acid/base sites on GCCs is radically different than that of their molecular analogues. Remarkably, at acid/base sites on GCCs, PT is always coupled to ET, even if the corresponding molecular analogue is redox inactive. Furthermore, we discover that the potential at which the PCET reaction occurs at a GCC site correlates to the p*K*~a~ of the molecular analogue with an ∼60 mV per p*K*~a~ unit scaling. From these data, we construct a model for the thermochemistry of interfacial PCET at GCC sites based on the p*K*~a~ of the molecular analogue and the potential of zero free charge (zero-field reduction potential) of the electrode ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). This model provides a general framework for analyzing and predicting the thermochemistry of interfacial PCET reactions more broadly.

Synthesis of Graphite-Conjugated Catalysts {#sec2}
==========================================

GCC electrodes were prepared via treatment of carbon surfaces with *o*-phenylenediamine derivatives following procedures described previously ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref59]−[@ref61]^ Graphitic carbon electrodes have *o*-quinone groups native to the surface edge planes of the graphite sheets that react to form pyrazine linkages.^[@ref62]−[@ref65]^ Other oxygenic functional groups, including ketones, alcohols, and carboxylic acids, are also native to carbon surfaces.^[@ref62]−[@ref65]^ Since our study aims to understand PCET processes at the added surface sites, the experiments described herein were conducted on glassy carbon plates with minimal background electrochemical activity. (Full synthetic details and X-ray photoelectron spectroscopy characterization are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf).)

![Synthesis of GCCs](oc-2019-00114y_0008){#sch1}

Proton Transfer at GCCs Is Coupled to Electron Transfer {#sec3}
=======================================================

Cyclic voltammograms (CVs) indicate that the redox properties of GCC sites are fundamentally different than those in molecules. CVs of GCC-phenazine in 0.1 M NaOH display a broad redox feature at −0.65 V (all potentials are vs the normal hydrogen electrode (NHE)) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), previously attributed to the two-proton, two-electron reduction of the surface pyrazine unit to dihydropyrazine.^[@ref59],[@ref60]^ This wave occurs 0.35 V positive of the redox feature associated with the two-proton, two-electron reduction of phenazine to dihydrophenazine in solution.^[@ref66]^

![Cyclic voltammogram (100 mV s^--1^) of GCC-phenazine recorded in 0.1 M NaOH.](oc-2019-00114y_0003){#fig2}

Interestingly, the electrochemical behaviors of GCC-phen-COOH and GCC-phen-NH~2~ are strikingly different than those of the molecular analogues. In CVs of GCC-phen-COOH in 0.1 M NaOH, the pyrazine wave is still observed at −0.65 V, but we *also* observe a second reversible wave at −0.46 V ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The *E*~1/2~ values for these redox features shift −63 and −61 mV per pH unit, respectively ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)), indicating that both waves arise from PCET reactions involving an equal number of protons and electrons.^[@ref47]^ Similarly, CVs of GCC-phen-NH~2~ in 0.1 M NaOH display both a pyrazine-based redox feature at −0.75 V and a second redox feature at −0.47 V ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). These waves shift by −65 and −59 mV per pH unit, respectively ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)), again indicating that these redox features both arise from PCET processes in which an equal number of protons and electrons are transferred. The PCET behavior of GCC sites is in stark contrast to that of the molecular analogues. The base-soluble molecular analogues, quinoxaline-6-carboxylate and 6-quinoxalinamine, each display only *one* redox feature, attributed to the proton-coupled pyrazine reduction, at −0.87 V and −1.03 V, respectively ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). These observations reveal a unique feature of redox processes at GCCs: acid/base sites give rise to redox waves irrespective of the redox behavior of the corresponding molecular analogue.

![Cyclic voltammograms (100 mV s^--1^) recorded in 0.1 M NaOH of (a) GCC-phen*-*COOH and (b) quinoxaline-6-carboxylate.](oc-2019-00114y_0004){#fig3}

This unusual redox behavior is also observed for other acid/base moieties on GCCs. A GCC bearing an OH group meta to the pyrazine ring, GCC-phen-*m*-OH, gives rise to a pyrazine wave at −0.71 V as well as a second proton-coupled wave at −0.26 V in 0.1 M NaOH ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). Likewise, a GCC bearing an OH group ortho to the pyrazine ring, GCC-phen-*o*-OH, displays two proton-coupled redox waves at −0.71 V and −0.17 V ([Figures S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf) and [S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). Molecular phenols are redox active, and CVs of OH-substituted molecular pyrazines, 6-quinoxalinol and 5-quinoxalinol, each display a second oxidative feature due to phenol oxidation along with the quasi-reversible pyrazine waves ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). However, the phenol oxidation waves are fundamentally distinct from either wave observed at GCC-phen-*m*-OH or GCC-phen-*o*-OH. The molecular OH oxidation waves for 5-quinoxalinol and 6-quinoxalinol are both irreversible and display anodic peak potentials at 0.56 and 0.99 V, respectively, \>0.7 V positive of the reversible waves observed for GCC-phen-*o*-OH and \>1.2 V positive of the reversible waves observed for GCC-phen-*m*-OH. These dramatic differences in both reversibility and wave position indicate that the redox waves observed in GCC-phen-*o*-OH and GCC-phen-*m*-OH are fundamentally different than those observed in the molecular quinoxalinol compounds.

![Cyclic voltammograms (100 mV s^--1^) recorded in 0.1 M NaOH of (a) GCC-phen*-m*-OH, (b) 6-quinoxalinol, and (c) GCC-phen*-m*-OEt.](oc-2019-00114y_0005){#fig4}

Alkylating the hydroxyl moiety eliminates the corresponding redox wave. GCC-phen-*m*-OEt and GCC-phen-*o*-OEt each only give rise to one proton-coupled redox feature ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [S9--S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)), suggesting that the second waves observed in GCC-phen-*m*-OH and GCC-phen-*o*-OH are a direct consequence of the OH site on the surface.

Together, our data indicate that, irrespective of the redox properties of the corresponding molecular analogues, acid/base functional groups on GCCs host interfacial PCET reactions.

Safety {#sec88}
------

No unexpected or unusually high safety hazards were encountered.

Thermochemistry of Interfacial PCET {#sec4}
===================================

The wide range of conjugated acid/base functional groups examined above provides the basis for understanding the thermochemistry of interfacial PCET reactions. The electrochemical data for GCC-phenazine, GCC-phen-COOH, GCC-phen-NH~2~, GCC-phen-*m*-OH, and GCC-phen-*o*-OH are summarized in the Pourbaix diagram in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. We see that all the GCC moieties give rise to PCET reactions with Nernstian pH scaling and are vertically displaced roughly parallel to each other on the Pourbaix diagram.

![(a) Pourbaix diagram showing pH-dependence of interfacial proton-coupled electron-transfer (PCET) waves for GCC-phenazine (red), GCC-phen-NH~2~ (purple), GCC-phen-COOH (dark green), GCC-phen-*m*-OH (olive green), and GCC-phen-*o*-OH (blue). The purple vertical line shows the interpolated data points from which panel b was constructed. The dotted line shows the computed potential of zero free charge (*E*~PZFC~), which is discussed in greater detail below. (b) Plot of the potential of the PCET wave for each GCC at pH 7 vs the p*K*~a~ of the corresponding acidic site on a molecular phenazine analogue. Values of the p*K*~a~ for molecular analogues were taken from the literature for phenazine,^[@ref67]^ phenazine-2-carboxylic acid,^[@ref68]^ phenazin-2-amine,^[@ref69]^ phenazin-2-ol,^[@ref69]^ and phenazin-1-ol.^[@ref70]^](oc-2019-00114y_0006){#fig5}

To gain further insight into the factors governing the thermochemistry of PCET reactions at GCC sites, we plotted the potential at which we observe the PCET wave for the GCC (*E*~1/2~(GCC~PCET~)) at pH 7 (vertical line, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) vs the p*K*~a~ of the corresponding moiety on a substituted phenazine molecular analogue ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).^[@ref67]−[@ref70]^ Owing to the Nernstian behavior of all of these waves, nearly identical plots are obtained across the pH range ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00114/suppl_file/oc9b00114_si_001.pdf)). Remarkably, the potentials at which we observe these PCET waves are also linearly correlated with the p*K*~a~ of the corresponding molecular analogue with a slope of ∼60 mV per p*K*~a~ unit.

Since each of these processes corresponds to the simultaneous transfer of a proton and an electron, we can convert the *E*~1/2~(GCC~PCET~) values to effective bond dissociation free energies (BDFEs) using the following equation (units are kcal mol^--1^):The H~2~ BDFE value taken from the literature was 104 kcal mol^--1^.^[@ref71]^ These values are plotted on the right *y*-axis in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and highlight the dramatic difference in BDFE between the conjugated moieties and the molecular analogues. For example, the O--H BDFE of an aryl carboxylic acid is ∼110 kcal mol^--1^,^[@ref71]^ whereas the BDFE of the same exact moiety in GCC-phen-COOH is ∼60 kcal mol^--1^. The strong linear correlation between the BDFEs of the GCC sites and the p*K*~a~ values of the analogues further highlights the remarkable difference between GCCs and their molecular counterparts.

Mechanistic Model: Field-Driven PCET {#sec5}
====================================

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, we present a cartoon model of PCET at GCC electrode surface sites at four different applied potentials. In each diagram, the metallic carbon electrode consists of filled states (gray) and unfilled states (purple), and the transition between the two corresponds to the Fermi level of the electrode. The Fermi level, denoted *E*~F~, is the electrochemical potential of the electrons in the electrode, which is the potential directly measured by a potentiostat relative to a reference electrode. Importantly, this value has contributions *both* from the intrinsic chemical potential of electrons in the solid, defined by the composition of the solid material and approximated by its work function, *and also* from the electrostatic potential drop between the electrode and the solution.^[@ref58]^ In this paper, we refer to the "chemical potential" and the "electrostatic potential" explicitly, and all other uses of the word "potential" refer to the electrochemical potential. The rough spatial extent of the electrostatic potential drop is demarcated with a dotted vertical line representing the electrical double layer (EDL), the dotted red line represents the electrostatic potential drop across the double layer, and the gradient of the electrostatic potential drop at the EDL is the interfacial electric field. The potential at which there is no free charge in the double layer and therefore no electrostatic potential drop between the electrode and the solution is denoted as *E*~PZFC~, the potential of zero free charge.^[@ref58]^ Charging the electrode raises *E*~F~ with respect to *E*~PZFC~, but leaves the chemical potential of the electrons in the solid largely unchanged.^[@ref58]^ In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, this concept is depicted by showing all of the electronic states in the electrode shifting with respect to *E*~PZFC~ in accordance with the magnitude of the electrostatic potential drop. In particular, we note that the high degree of electronic coupling between the conjugated site and the electrode ensures that changes in *E*~F~ lead to similar changes in the electrostatic potential of the conjugated surface functional groups.^[@ref59]^

![Putative interfacial free energy diagrams for GCC-phen-COOH when the pH of the solution is less than the p*K*~a~ of the surface COOH in the absence of an external field. In each panel, the gray denotes the filled band states of the electrode, the purple denotes the unfilled band states, and the dotted horizontal black line between the filled and unfilled states denotes the Fermi level of the electrode, *E*~F~. The approximate edge of the electrical double layer, EDL, is denoted by a vertical dotted black line, and the free energy required to bind a proton to a surface COO^--^ in the absence of an electric field is shown with a vertical blue bar labeled Δμ. The electrostatic potential of the metal, ψ^M^, and solution, ψ^soln^, are in red, and the difference between them, Δψ, is indicated by a vertical red bar. The electrostatic potential profile across the EDL is indicated by a dotted red line in each diagram. Across all four diagrams, the electrochemical potential required to protonate the surface COO^--^ site, *E*(GCC~PCET~), and the potential of zero free charge, *E*~PZFC~, are denoted by dotted gray lines. The four panels correspond to the situations in which (a) *E*~F~ \< *E*(GCC~PCET~), (b) *E*~F~ = *E*~PZFC~, (c) *E*~F~ = *E*(GCC~PCET~), and (d) *E*~F~ \> *E*(GCC~PCET~). In each case, varying *E*~F~ changes the magnitude of the *electrostatic potential*, which consequently alters the driving force for proton transfer across the double layer to or from the surface COO^--^.](oc-2019-00114y_0007){#fig6}

Varying the applied potential at the metallic electrode varies the strength of the electric field in the double layer, which in turn alters the driving force for ions such as H^+^ to cross the double layer. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows snapshots of this process for GCC-phen-COOH sites at four different values of *E*~F~ for the situation in which the solution pH is lower than the p*K*~a~ of the surface site in the absence of an external field. Under these conditions, we expect the surface sites to be protonated when *E*~F~ = *E*~PZFC~ and the electrostatic potential drop is 0 across the EDL, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. At this potential, the free energy for binding a proton to the surface COO^--^ group is simply given by the difference between the p*K*~a~ of the surface site, and the pH in solution and is denoted by vertical blue bars, Δμ. Δμ represents a chemical potential difference, which for purposes of this discussion includes all contributions to the free energy of binding protons to the surface that are independent of the externally applied field, including local and surface dipole contributions. This chemical potential contribution to the free energy of binding protons to the surface remains constant as the applied potential is varied, and thus the magnitude of Δμ is constant across all panels in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. When *E*~F~ is negative of *E*~PZFC~, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the electrode is negatively charged. This negative charge leads to an electrostatic potential drop between the metal phase and the solution phase, Δψ (ψ^M^ -- ψ^soln^, red vertical bar in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), that *adds* to Δμ to bind the H^+^ more strongly to the surface COO^--^ groups. When *E*~F~ is positive of *E*~PZFC~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d) the electrode is positively charged, which creates an electrostatic potential drop that *subtracts* from Δμ to bind the H^+^ less strongly to the surface COO^--^ groups.

At sufficiently positive values of *E*~F~, the electric field drives protons bound to surface carboxylate groups across the EDL and into solution ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d). When the PT reaction occurs, in order to maintain *E*~F~, electrons must flow to the external circuit to compensate for the positive charge on the proton.^[@ref58]^ This compensatory current is observed as a surface redox wave in CVs and occurs any time an ion specifically adsorbs to or desorbs from an electrode, irrespective of the redox properties of the molecular analogue of the surface site. The equilibrium potential for the PT reaction at surface COOH sites is the potential at which the surface sites are half-protonated and is denoted as *E*(GCC~PCET~) in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. We note that when *E*~F~ = *E*(GCC~PCET~) ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), the electrostatic potential drop that repels protons from the surface is equal and opposite to the chemical potential difference that binds protons to the surface (Δμ = −Δψ).

In order for the interfacial electric field to drive proton transfer, there must be an electrostatic potential drop between the site of protonation and solution. For GCCs, strong electronic coupling between the protonation site and the band states of the solid ensures that this electrostatic potential drop occurs between the conjugated site and the solution rather than between the electrode and the site.^[@ref59]^ Field-driven protonation has also been documented in densely packed self-assembled monolayers (SAMs) terminated with non-redox-active acidic groups over narrow potential/pH ranges.^[@ref72]−[@ref74]^ In cases for which these redox processes are observed at SAMs, although there is negligible electronic coupling between the moiety and the electrode, the layer of densely packed aliphatic chains effectively blocks ions, forcing the majority of the electrostatic potential drop to occur between the edge of the SAM layer and the solution.^[@ref26]^ Physisorbed perylene units with COOH substituents also give rise to redox processes driven by the protonation and deprotonation of the acidic site,^[@ref75]^ which may occur due to electronic coupling between the perylene unit and the surface and/or the inability for ions to penetrate the perylene layer. GCCs provide a robust platform with which to generalize this phenomenon because they ensure, through strong electronic coupling, that the appended acid/base moiety is truly part of the electrode.

Mathematical Model for the Thermochemistry of Interfacial PCET {#sec6}
==============================================================

In the above model, the interfacial electric field drives proton transfer to the surface site. Notably, the proton is the only particle that transits through this interfacial field in the reaction; the electron does not. Consequently, to extract the field strength required to drive PT and the electrochemical potential that corresponds to that field, we simply consider the surface PT equilibrium. The following derivation closely follows that for the protonation/deprotonation of a carboxylate in a mixed-monolayer SAM.^[@ref26]^ As an example, we examine the deprotonation of GCC-phen-COOH:

At equilibrium,where μ̅~i~ represents the electrochemical potential for species i. GCC moieties on the electrode surface are denoted with \*. The definition of electrochemical potential nicely separates μ̅~i~ into the chemical potential (μ~i~° + *RT* ln *a*~i~), which consists of all contributions independent of the externally applied electric field, and the electrostatic potential (*z*~i~*Fψ *^j^), which consists of field-dependent contributions:where μ~i~° is the standard chemical potential, *R* is the gas constant, *T* is the temperature, *a*~i~ is the activity of species i, *z*~i~ is the charge number on i, *F* is Faraday's constant, and ψ ^j^ is the electrostatic potential in phase j. We can use [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} to describe the electrochemical potential for each species in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.In these expressions, θ~COOH\*~ and θ~COO^--^\*~ represent the surface coverages of COOH sites that are protonated and deprotonated, respectively, and ψ^M^ and ψ^soln^ are the electrostatic potentials at the metal surface and in solution, respectively, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. For the solution species, H^+^, the substitution of [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is straightforward: The chemical potential is rigorously defined by the standard chemical potential, μ~H^+^~^ο^, the proton activity, *a*~H^+^~, and the charge on the proton, +1. For a surface-adsorbed species, the activity of the species is defined by the surface coverage, θ.^[@ref76]^ Strictly speaking, the standard state for an adsorbed species is dependent on the isotherm and the strength of any lateral interactions between adsorbed species. Direct comparisons can only be made among surface species governed by the same isotherm.^[@ref76]^ For this derivation, we assume a Langmuirian isotherm, and the standard electrochemical potentials of the neutral COOH\* and negatively charged COO^--^\* are described by μ~COOH\*~^o^ + *RT* ln(θ~COOH\*~) + 0*Fψ*^M^ and μ~COO^−\*^~^o^ + *RT* ln(θ~COO^−\*^~) − *Fψ*^M^, respectively.

Substituting the electrochemical potentials written out in [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"} into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, we obtain

We now rearrange and consolidate the terms in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}:Since pH = −log(*a*~H^+^~), we can rewrite [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} as a function of pH:

The chemical potential difference (μ~COO^--^\*~^o^ + μ~H^+^~^o^ -- μ~COOH\*~^o^) is reflective of the intrinsic affinity for protons at the COO^--^ surface sites, excluding contributions from an external field. We define this intrinsic affinity in terms of the "0-field p*K*~a~" of the surface site (p*K*~a-surface-0field~):

Indeed, from [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} we see that when the 0-field p*K*~a~ of the surface site is equal to the pH of the solution *and* there is no external field, the surface coverage of protonated sites (θ~COOH\*~) is equal to the surface coverage of deprotonated sites ().

From this expression, it is clear that there are two ways to shift the ratio of protonated to deprotonated surface carboxylate groups. The first is the one we are most familiar with from solution-phase chemistry: changing the H^+^ activity by changing the pH. The second is changing the magnitude of the interfacial electrostatic potential drop (ψ~M~ -- ψ~soln~) by varying the applied potential. The qualitative impact of varying the applied potential is illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

The electrostatic potential drop across the double layer, (ψ^M^ -- ψ^soln^), is equal to the difference between *E*~F~ and *E*~PZFC~, as depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, so

Since each proton transfer to the surface leads to compensatory electron transfer, the half-wave potentials determined from CVs, *E*~1/2~(GCC~PCET~), corresponds to the potential, *E*~F~, at which the surface sites are half-protonated, i.e., θ~COOH\*~ = . Thus:

[Equation [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"} constitutes a general expression for surface PCET waves in terms of the following thermodynamic descriptors: the 0-field p*K*~a~ of the site, the pH of the solution, and the *E*~PZFC~ of the electrode. We stress that while we derived this expression for GCCs, the final result is general for any PCET reaction occurring at the surface of a polarized metallic electrode.

Unfortunately, for most surfaces, the analysis must stop here because either the site identity is not known, or its 0-field p*K*~a~ is not easily measurable. At GCC sites, we can extend the analysis further because we *do* know the site identity, and we can estimate the 0-field p*K*~a~ of the site using the p*K*~a~ of the molecular analogue (p*K*~a-molecular-analogue~):

The efficacy of this approximation is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, we observe ∼−60 mV per pH unit shift in *E*~1/2~(GCC~PCET~) for all GCC waves examined, in line with the pH-dependent term in [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b plots the data at a constant pH, and we observe a linear relationship between *E*~1/2~(GCC~PCET~) and the p*K*~a~ of a molecular analogue with a slope of ∼60 mV per p*K*~a~ unit, in line with the p*K*~a~-dependent term in [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}. Importantly, this 60 mV per p*K*~a~ unit shift indicates that any difference between the true 0-field p*K*~a~ of the surface site and the p*K*~a~ of the molecular analogue must be roughly constant across all of the acid/base sites we investigated. In the limit that the 0-field p*K*~a~ of the surface site is identical to that of the molecular analogue, the *E*~PZFC~ can be calculated directly from [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}. Using [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}, the intercept in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b is equal to *E*~PZFC~ + 0.059 V (pH), and from the data at pH 7, we calculate *E*~PZFC~ = 0.04 V. The *E*~PZFC~ value can also be approximated using the difference between the measured work function of graphite, for which typical values fall between 4.3 and 4.6,^[@ref77]^ and the ∼4.5 eV conversion value between the NHE and vacuum.^[@ref18]^ Remarkably, this independent calculation returns *E*~PZFC~ values between −0.2 and 0.1 V, very much in line with the ∼0.0 V value that [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} predicts for *E*~PZFC~ across the entire pH range. Furthermore, the fact that similar *E*~PZFC~ values are obtained from our data at all pH values indicates that for these GCCs, *E*~PZFC~ does not change significantly with pH.

Square Scheme Model for Interfacial PCET {#sec7}
========================================

The foregoing analysis effectively partitioned the thermochemistry of interfacial PCET reactions into the zero-field proton affinity of the site, the pH, and the potential of zero free charge of the electrode. This partitioning closely mirrors the partitioning used in square schemes that describe molecular PCET reactions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). As stated above, the thermochemistry of a molecular one-proton, one-electron PCET reaction can be described as the sum of its PT and ET constituents.^[@ref18],[@ref47]^ For the reaction shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a:

We note that [eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"} takes the same form as [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}, indicating that interfacial PCET, like molecular PCET, can be partitioned into its PT and ET constituents. Both equations contain a term that depends on the p*K*~a~ of the site in question in the absence of an external field and a term that depends on the pH of the solution, indicating that we can describe the PT components of molecular and interfacial PCET using the same parameters. In molecular PCET ([eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"}), the remaining term, *E*(M^0/--^), defines the ET component of the square scheme. Since we have defined the p*K*~a~ of the surface site at 0 field, we expect the vertical leg in the interfacial PCET square scheme to be the potential at which an electron is added to the solid in the absence of an electrostatic field. That value is, by definition, *E*~PZFC~, and indeed it is the remaining term in [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}. The square scheme for interfacial PCET that results from this analysis is depicted in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}.

![Partial Square Scheme for Interfacial Proton-Coupled Electron Transfer (PCET) at GCC-phen-COOH as an Example Reaction\
Our model partitions the potential for PCET (diagonal leg) into a horizontal leg, defined as the difference between the 0-field p*K*~a~ of the surface site and the pH of the solution, and a vertical leg, defined as the potential of zero free charge, *E*~PZFC~, of the electrode.](oc-2019-00114y_0009){#sch2}

A unique outcome of the above analysis is that for GCCs, the contribution of the ET component to the overall thermochemistry of the reaction ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, vertical leg) remains unchanged as the surface functional groups are modified. This highlights the dramatically divergent behavior of GCCs relative to molecules. For molecules, changing the acid/base moiety typically changes both the p*K*~a~ and the reduction potential.^[@ref47]^ In contrast, for GCCs, changing the surface acid/base moiety changes the p*K*~a~ of the site, but does not dramatically change *E*~PZFC~. This phenomenon is a result of the high density of electronic states in the electrode. Due to the high density of states, changes in a small number of proton donor/acceptor states at the surface do not dramatically alter the overall band structure. Thus, for GCCs, the change in the 0-field p*K*~a~ of the surface site is the sole predictor of the *change* in potential for the surface PCET reaction.

Conclusion {#sec8}
==========

We have shown that the redox properties of acid/base sites on GCCs are fundamentally different than those in molecular analogues. In particular, we have demonstrated that, irrespective of the redox properties of the molecular analogue, acid/base functional groups on GCCs host interfacial PCET reactions, and we have used this unique behavior to develop a square scheme framework for understanding the thermochemistry of interfacial PCET. Specifically, we have demonstrated that, at a constant pH, *E*~1/2~(GCC~PCET~) is linearly correlated to the p*K*~a~ of the molecular analogue with a slope of ∼60 mV per p*K*~a~ unit. This relationship indicates that the PT component of the square scheme can be defined by the 0-field p*K*~a~ of the moiety and the pH of the solution. When the PT component is defined in this fashion, the ET component is defined by the reduction potential of the uncharged solid, *E*~PZFC~, which remains constant across changes in the identity of the acid/base group and the solution pH. The quantitative relationship shown here provides a framework with which to use the GCC platform to design active sites at the molecular level using the p*K*~a~ of the molecular analogue as a powerful descriptor.

Our analysis also has implications for surface PCET reactions beyond GCCs. In particular, we note the following:PCET reactions can occur at all acid/base sites on electrode surfaces. A wide range of metallic electrode materials contain surface acid/base groups, including carbons, oxides, chalcogenides, and pnictides, which are used widely in pseudocapacitors, supercapacitors, and catalysts. The results shown here indicate that, provided that the electrode material has a high density of electronic states at the Fermi level, even surface acid/base moieties that are redox inactive as molecules can host PCET reactions on the surface. Furthermore, our studies show that the effective BDFEs of these surface acid/base sites differ dramatically from those of their molecular analogues. In the context of catalysis, the low BDFEs suggest that these surface acid/base sites not only have the ability to act as proton donors/acceptors, but also have the ability to transfer H-atom equivalents to molecules in solution or surface-bound intermediates.While GCCs provide a platform with which to develop a quantitative model, the principles established here are generalizable across all electrode surface PCET reactions. In particular, we show that knowledge of the proton binding affinity of the surface site and the work function of the electrode (a correlate of *E*~PZFC~) can be used to predict the thermochemistry of the surface PCET process. Changing either of these parameters will change the potential at which the surface PCET reaction occurs, accordingly. Our model extends even to surfaces for which a molecular analogue that would provide an independent measurement of the 0-field p*K*~a~ does not exist. Using [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}, we can estimate the p*K*~a~ of any surface site, provided we know the potential at which the PCET reaction occurs and the value of the electrostatic potential drop at that site. The model put forward here highlights that the p*K*~a~ of the surface site and the *E*~PZFC~ or work function of the material can be used to tune the potential of interfacial PCET.Our analysis also explains how surface sites and surface-bound reaction intermediates can be protonated at pH values that do not lead to protonation of a molecular analogue. On a surface, varying the potential directly alters the free energy for PT, and at sufficiently negative potentials, even very acidic sites can be readily protonated. This recognition has broad implications for the construction of viable mechanistic models for surface electrocatalysis.

The analysis put forward here, enabled by the molecular precision and strong electronic coupling of GCCs, provides a powerful paradigm for understanding and designing interfacial PCET reactions at the molecular level.
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